Studies on platelet margination have shown that the platelets can effectively marginate at the microvessel wall in a multi-file flow of red blood cells (RBCs), whereas axially migrated RBCs push platelets toward the wall. However, it is unclear whether these results can be extended to capillaries, which potentially cause a single-file line of RBCs, or a so-called bolus flow. Our previous numerical results ( Takeishi and Imai, 2017) showed that microparticles with a diameter of 1 µm (1-µm-MPs) were captured by a bolus flow of RBCs, instead of being marginated in capillaries. Herein we perform numerical simulations to clarify whether platelets are captured or escape from the vortex-like flow structures between RBCs. We demonstrate that platelets are also captured in a capillary whose diameter is 25% larger than that of RBCs at a physiologically-relevant hematocrit (Hct ∼ 0.2), but the number of captured platelets is smaller than that of 1-µm-MPs. When the capillary diameter is comparable to that of RBCs, however, many platelets flow near the wall due to an unstable bolus flow resulting in a less number of captured platelets. These results suggest that the size effect reduces platelet capture events compared to 1-µm-MPs. We also investigate the effect of Hct and the non-dimensional shear rate (capillary number) on capture events. These findings may help not only to understand platelet adhesion in capillaries but also to develop therapeutic drug carriers.
Introduction
Because the behavior of platelets in blood is of fundamental importance in hemostasis, the process of platelets traveling to the wall, the so-called margination, has been well investigated. Both in vitro (Aarts, et al., 1988; Goldsmith and Turitto, 1986; Turitto, et al., 1972; Zhao, et al., 2007) and in vivo experiments (Tangelder, et al., 1982; Tangelder, et al., 1985; Woldhuis, et al., 1992) have been performed in the past few decades. The experimental results suggest that margination is due to hydrodynamic interactions between the red blood cells (RBCs) and platelets. Recent numerical studies have confirmed this mechanism of platelet margination as they have demonstrated the detailed behavior of platelets in suspensions of RBCs as well as quantified the effects of various parameters, such as the shear rate, vessel diameter, and volume fraction of RBCs (hematocrit; Hct) on platelet margination (Kruger, 2016; Qi and Shaqfeh, 2018; Reasor, et al., 2013; Vahidkhah, et al., 2014; Vahidkhah, et al., 2015; Zhao and Shaqfeh, 2011; Zhao, et al., 2012) . More recent numerical analysis using the dissipative particle dynamics (DPD) model quantified the platelet margination in a diabetic blood flow (Chang, et al., 2018) . However, all of the aforementioned experimental and numerical studies have focused on relatively large microvessels with diameters over 20 µm. This scale allows RBCs to show multi-file flows, which enhance platelet margination.
A few studies have examined capillary-sized microvessels. For example, Krüger (2016) numerically investigated the behavior of platelets in a capillary with a diameter of 10 µm for a relatively high Hct (≈ 0.37), and showed that platelets Takeishi, Imai and Wada, Journal of Biomechanical Science and Engineering, Vol.14, No.3 (2019) [DOI: 10.1299/jbse. marginate in a multi-file flow (Krüger, 2016) . However, the flow mode of RBCs drastically changes in capillary-sized microvessels under physiologically relevant capillary Hct (∼ 0.2). When the vessel diameter is comparable to that of RBCs, RBCs form a single-file line with a parachute-shaped deformation, resulting in a bolus flow (or train formation) with a vortex-like streamline between RBCs (Aroesty and Gross, 1970; Bryngelson and Freund, 2018; McWhirter, et al., 2009; McWhirter, et al., 2011; McWhirter, et al., 2012; Wang and Skalak, 1969) . Despite numerous attempts, much is still unknown about the behavior of platelets in a bolus flow. Previous in vivo studies have shown that disk-like particles highly accumulate in tumors compared to other shapes (van de Ven, et al., 2012; Muro, et al., 2008) . For biomedical applications, the detail of such non-spherical particles in capillary-sized vessels will help not only understand platelet adhesion in capillaries but also develop efficient therapeutic drug carriers. In our previous numerical study (Takeishi and Imai, 2017) , microparticles with a diameter of 1 µm (1-µm-MPs) were captured by a bolus flow of RBCs instead of being marginated. Such capture events of platelets in capillaries would be disadvantage for platelets to adhere to an injured vessel wall in terms of thrombus formation. Therefore, the objective of this study is to clarify whether platelets are captured or escape from the vortex-like flow structures between RBCs. We performe numerical simulations of the flow of platelets and RBCs in microvessels, including capillaries. The platelets are modeled as small oblate spheroidal capsules, while the RBCs are modeled as relatively large biconcave capsules. We also investigate the effect of Hct and Ca on capture events.
Methods

Flow and cell models
We considered a cellular flow consisting of a plasma, RBCs, and platelets in microvessels ranging from 8-22 µm in diameter. Hereafter, superscripts R and P represent the parameters for RBCs and platelets, respectively. Microvessels were modeled as cylindrical vessels with diameter D. The length of the computational domain was approximately 100 µm. RBC was modeled as a biconcave capsule or a Newtonian fluid enclosed by a thin elastic membrane with a major diameter of d R = 2a R = 8 µm and maximum thickness of
The flow is driven by pressure gradient. Periodic boundary conditions were employed in the flow direction to observe the long-term cell behaviors. The cytoplasmic viscosity of RBC was taken to be µ R 1 = 6.0×10 −3 Pa·s, which is five times higher than the plasma viscosity (µ 0 = 1.2×10 −3 Pa·s). Hence, we set the viscosity ratio λ = µ R 1 /µ 0 = 5. The problem was characterized by the capillary number (Ca),
where G s is the surface shear elastic modulus,γ = U m /D is the mean shear rate, and U m is the mean velocity of plasma without cells. In this study, the range of Ca = 0.05-0.4 was considered to cover typical venule wall-shear rates of 333 s −1 (Koutsiaris, et al., 2013) , which corresponded to Ca = 0.05, and an arteriole wall-shear rate of 670 s −1 (Koutsiaris, et al., 2007) , which corresponded to Ca = 0.1. RBCs in capillaries should undergo higher shear rates than larger microvessels whose scales are around dozens of micro-meters. Hence, we focused on a Ca = 0.2 and a physiological value of Hct = 0.2 (Koutsiaris, et al., 2007) . To counter the computational costs, we set Re = ρU max D/µ 0 = 0.2, where ρ is the plasma density and U max (= 2U m ) is the maximum velocity of a plasma without cells. This value well represents the capsule dynamics solved by the boundary integral method in Stokes flow (Takeishi, et al., 2014; Takeishi, et al., 2016) . The membrane follows the Skalak constitutive law (Skalak, et al., 1973) :
where w s is the strain energy density function, C is a coefficient representing the area incompressibility, I 1 and I 2 are the invariants of the stain tensor. The surface shear elastic modulus and area incompressibility coefficient of RBCs were G R s = 4.0 µN/m and C R = 10 2 , respectively (Takeishi, et al., 2014) . The bending resistance was also considered (Li, et al., 2005) , -de-Morales-Marinkovic, et al., 2007) . These values successfully reproduced the deformation of RBCs in a shear flow and also the thickness of the cell-depleted peripheral layer (CDPL) (Takeishi, et al., 2014) . A platelet was modeled as a small oblate spheroidal capsule with a diameter of d P = 2 µm and thickness of t P = 1 µm. An experiment using atomic force microscopy showed that the deformability of human platelets was generally lower than RBCs (Radmacher, et al., 1996) . Consequently, platelets were modeled as less deformable capsules than RBCs. That is, the membrane shear elasticity was 10 times larger than RBCs (RG s = G P s /G R s = 10), while the other parameters Takeishi, Imai and Wada, Journal of Biomechanical Science and Engineering, Vol.14, No.3 (2019) [DOI: 10.1299/jbse.18-00535] remained the same (i.e., C P = C R , µ
. The volume fraction of platelets (Plateletcrit: Pct) was set to 0.1-0.2% considering the physiological relevant Pct in human blood (Frojmovic and Milton,1982; Italiano, et al., 2003) .
Numerical simulations
Various types of numerical methods have been developed to simulate cellular flows (Freund, 2014; Fedosov, et al., 2014) . In this study, we used the Lattice-Boltzmann method (LBM) (Chen and Doolen, 1998) coupled with the finite element method (FEM) (Walter, et al., 2010) . The membrane mechanics was solved by the FEM, which is given by
where T is the Cauchy stress tensor, q is the load on the membrane,û is the virtual displacement, andε
is the virtual strain. The fluid mechanics was solved by the LBM (Chen and Doolen, 1998) as,
where f α is the particle distribution function for ideal particles with velocity c α at a position x, ∆t is the time step size, f eq α is the equilibrium distribution, τ is the nondimensional relaxation time, and F α is the external force term. Subscript α represents the distribution direction of an ideal particle (α = 0-18). The LBM D3Q19 lattice model was used. Particle velocity c α is written using the time-step size ∆t and the lattice size ∆x as
where e I is the Cartesian basis. The equilibrium distribution function is given by
where ρ is the fluid density, u is the fluid velocity, w α is the weight (w α = 0 for α = 0, w α = 1/18 for the non-diagonal directions, and w α = 1/36 for the diagonal directioins), c s = ∆x/( √ 3∆t) is the speed of sound, and I is the identity tensor. FEM and LBM were coupled by the immersed boundary method (Peskin, 2002) . The volume-of-fluid (VOF) method (Yokoi, 2007) and front-tracking method (Unverdi and Tryggvason, 1992) were also employed to update the viscosity in the fluid mesh. A volume constraint was implemented to counteract the accumulation of small errors in the volume of individual cells (Freund 2007) . In our simulation, the volume error was always lower than 1.0×10
−3 %, as tested and validated in our previous study on cell adhesion (Takeishi, et al., 2016) . All procedures were fully implemented on a graphics processing unit (GPU) to accelerate the numerical simulations (Miki, et al., 2012) . Our coupling method has been successfully applied to numerical analyses of cellular flow (Takeishi, et al., 2014; Takeishi, et al., 2015; Takeishi and Imai, 2017) and cell adhesion (Takeishi, et al., 2016) . The solid and fluid mesh sizes were set to 250 nm (an unstructured mesh with 5,120 elements was used for the RBC membrane and 1,280 elements for platelet membrane). In the case of the smallest capillary (D = 8 µm), mesh sizes were 125 nm for the LBM and FEM meshes (20,480 elements for RBCs and 5,120 elements for platelets). Although these resolutions may not be sufficient to represent detail platelet dynamics, the effect of the mesh resolution on the capture ratio (N C /N T ), which is an indicator of degree of capture event, would be small. To reduce the influence of the initial conditions, we only used data after the thickness of CDPL reached a plateau (this time is referred to asγt = 0 and defined as a quasi-steady state). Time-averaging was performed for a time period oḟ γt = 50. Table 1 lists the total number of platelets and RBCs in our simulations. (Figs.1a and 1b) . In the smallest microvessel examined (D = 8 µm), an unstable bolus flow formed. Plasma spaces between RBCs changed over time, and often became very small. Although platelets were sometimes captured, many flowed in CDPL. (Fig.1a) . Hereafter, captured platelets are colored yellow in snapshots. When the vessel diameter increased to D = 10 µm, the bolus flow became stable, in that the size of the spaces between RBCs remained constant, and the number of captured platelets increased (Fig.1b) . The platelets in a bolus flow tend to have rotational (flipping) motion like a rigid ellipsoid near the wall (Figs.1a and 1b) .
If a platelet is captured by a bolus flow of RBCs, the net velocity of the platelet should be the same as the velocity of the RBCs, i.e., (V (Takeishi and Imai, 2017) . Here, V B is the mean velocity of blood. The relative velocity |V
to which a moving average was applied for a time period ofγt = 50, was large for D = 8 µm because platelets were located near the wall (Figs.1a and 1c ). As expected, the relative velocities of some platelets were nearly zero in D = 10 µm, and approximately half of platelets were captured (Fig.1d) . When the vessel diameter increased to D = 12 µm, the flow mode shifted from a single-file to a transition state, which refers to a state that bolus (single-file) flow and multi-file flow coexists as shown in Fig.2(a) . The transition mode is also found in both in vivo study by Schmid-Schönbein, et al. (1980) and numerical study by McWhirter, et al. (2012) . In the largest microvessel (D = 22 µm), RBCs formed complete multi-file flow as shown in Fig.2(b) , and the mode are qualitatively agree to previous numerical results by Fedesov, et al., (2012) and Freund (2007) . In this case, most platelets were located within CDPL (i.e., well margination). Therefore, the relative velocity of each platelet took a large negative value (Figs.2c and 2d ). To quantify the magnitude of margination, we compared the number probability of platelets in CDPL (P N = N M /N T ) with the volume fraction of CDPL (P VOL = VOL CDPL /VOL T ), where N M is the number of marginated platelets (i.e., the number of platelets in CDPL), N T is the total number of platelets, VOL CDPL is the volume of CDPL, and VOL T is the total volume of the computational domain. In this study, a marginated platelet is defined when its centroid is located within CDPL. If platelets are randomly distributed in a vessel, the number probability should be the same value as the volume fraction (i.e., P N = P VOL ). However, if platelets are marginated, the number probability becomes larger than the volume fraction (i.e., P N > P VOL ). Here the number probability was larger than the volume fraction of CDPL except for D/d R =
1.25 (D = 10 µm) because capture events were enhanced in such capillary-sized microvessel (Fig.3a) . Capture events of platelets were measured by the capture ratio N C /N T , where N C is the number of captured platelets (platelets with |V (Fig.3b) .
Effects of Hct and Ca on the capture ratio
The effects of Hct on capture events at Ca = 0.2 in capillary-sized microvessels for D = 8 µm and 12 µm were investigated. Figures 4(a) and 4(b) show snapshots of the numerical results for Hct = 0.1 and Hct = 0.05, respectively. (Fig.4c) . Although the capture events were basically enhanced as
Hct decreased because the size of the plasma spaces increased, there is an exceptional case, where the the capture ratio at Hct = 0.1 is maximized for D/d R = 1.25-1.5 (Fig.4c) .
We also investigated the effect of Ca on the capture ratio at Hct = 0.2 in capillary-sized microvessels (
Figures 5(a) and 5(b) show snapshots of the numerical results for the lowest Ca = 0.05 and the highest Ca = 0.4, respectively. For the lowest Ca, some platelets were captured in the plasma spaces between less deformed RBCs even for D = 8 µm (Fig.5a ). As Ca increased, the RBCs deformed into bullet-like shapes, and then the elongation of RBCs reduced the size of the plasma spaces between RBCs, resulting in platelet margination (Fig.5b) . Figure 5 (c) summarizes
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Discussion
A number of experimental and numerical studies have provided insight into the mechanism of platelet margination and platelet adhesion to the vascular wall. In particular, recent numerical studies showed that platelets effectively marginate in a multi-file flow of RBCs for microvessels with D ≥ 20 µm (Kruger, 2016; Reasor, et al., 2013; Vahidkhah, et al., 2014; Vahidkhah, et al., 2015; Shaqfeh, 2011, Zhao, et al., 2012) . However, whether these results can be extended to capillaries, which induce a bolus flow of RBCs, is unclear. Our previous study (Takeishi and Imai, 2017) showed that microparticles with a diameter of 1 µm (1-µm-MPs) were captured by the bolus flow of RBCs, instead of being marginated in capillary-sized microvessels. In this study, we perform numerical simulations to clarify whether platelets are captured or escape from the vortex-like flow structures between RBCs. Platelets, which were modeled as an non-Browninan oblate spheroidal capsule with a diameter of 2 µm and a thickness of 1 µm, are also captured in the capillary with D/d R = 1.25 (D = 10 µm) at a physiologically-relevant hematocrit (Hct ∼ 0.2). However, plasma spaces between RBCs are relatively small compared to platelets, and the capture ratio of platelets is approximately 40% at D/d R = 1.25 (Fig.3b) , which is almost half of the capture ratio of 1-µm-MPs (Takeishi and Imai, 2017) . The effects of the existence of platelets on the behavior of RBCs are small, and the average sizes of the plasma spaces are nearly the same between the platelets and MPs.
In the smallest capillary with D/d R = 1.0 (D = 8 µm), many of platelets flowed near the wall. The capture ratio of platelets is only 13% (Fig.3b) , whereas 50% of 1-µm-MPs are captured even in such a small capillary (Takeishi and Imai, 2017) . As Hct or Ca decreases, the plasma spaces between RBCs increase, enhancing the capture events (Figs.4c and 5c ).
The results are consistent with those of 1-µm-MPs (Takeishi and Imai, 2017) . In D/d R = 1.0, the capture ratio of platelets increases to 25% (50% for 1-µm-MPs) at Hct = 0.1 and to 50% (60% for 1-µm-MPs) at Hct = 0.05. The difference in the platelet capture ratio is obvious between Ca = 0.4 and Ca = 0.05, where the capture ratio increases from 0.3% to 70% in D/d R = 1.0. According to those results, platelet capture events are discouraged by "size effect", which is defined as an influence when the diameter (major axis length) of particles increases. Although physical parameters are different especially in the major axis length and shape between platelets and 1-µm-MPs, it is expected that the major axis length (size effect) will be dominant in capture event. Indeed, a spherical capsule with a diameter of 2 µm constantly flowed near the wall even in D = 10 µm (D/d R = 1.25), resulting in N C /N T being almost zero (data not shown).
Although the capture events are basically enhanced as Hct decreases, there is an exceptional case, where the capture ratio at Hct = 0.1 is maximized for D/d R = 1.25-1.5 (Fig.4c) . Such exceptional case was not found in 1-µm-MPs, and this may be a singular phenomenon for platelets. This is probably because the plasma space between RBCs is exquisite for platelets and the bolus flow is well stabilized. It is expected that this phenomenon is related to the size balance between particles and plasma spaces, but further investigations are needed, which is however beyond the scope of present work. Since platelets were modeled as capsules less deformable than RBCs, they experience lift forces perpendicular to the wall, induced by the wall and share gradient, and these lift forces may affect capture events. Although we think Takeishi, Imai and Wada, Journal of Biomechanical Science and Engineering, Vol.14, No.3 (2019) [DOI: 10.1299/jbse.18-00535] Takeishi, Imai and Wada, Journal of Biomechanical Science and Engineering, Vol.14, No.3 (2019) [DOI: 10.1299/jbse. that capture events are mainly dominated by particle size, it is not clear whether the present results are straightforwardly applicable to rigid platelets. Therefore, it should be noted that the present results are most applicable to cases in which the capillary number of platelets (Ca P = µ 0γ a p /G p s = Ca/40, being a major radius of the platelet, i.e., 1 µm) is approximately similar to or larger than 10 −3 .
In this study, we considered ideal straight microvessels. However, the geometry of microvessels in a real microcirculation is much more complex. Microvessels do not have smooth wall surfaces. Additionally, bifurcation and confluence are present. Such disturbances may help platelets marginate and eventually adhere to the wall even in capillaries. Our results that small oblate spheroidal particles do not marginate in capillary-sized microvessels under specific conditions may help not only to understand platelet adhesion in capillaries but also to develop therapeutic drug carriers. To date, only one experimental study has investigated capture phenomena in a microfluidic device, in which small droplets were captured between successive large droplets (Ohmura, et al., 2015) . We hope that our numerical results stimulate experimental studies to confirm this capture phenomenon of platelets in blood flow.
Conclusion
We numerically investigated the flow of platelets and RBCs in capillary-sized microvessels for different volume fraction of RBCs (Hct) and capillary number (Ca). Platelets are captured, especially in the capillary with D/d R = 1.25 (D = 10 µm), but the number of captured platelets is smaller than that of microparticles with a diameter of 1 µm (1-µm-MPs). In a relatively small capillary with D/d R = 1.0 (D = 8 µm), many of platelets flow near the wall due to an unstable bolus flow resulting in a less number of captured platelets. These results suggest that platelet capture events are discouraged by the size effect compared to the case of 1-µm-MPs. We hope that these numerical results help not only to understand platelet adhesion in capillaries but also to develop therapeutic drug carriers.
